
Searching for hidden sectors: 
new experiments and theory

Robert Lasenby
March 11, 2021



Searching for new physics
• There is physics beyond the Standard Model

• Dark matter, early universe, gravity, …

• Very large space of possibilities — need to search as widely as 
possible 
 
 
 
 

• Pushing the precision frontier : doing as well as QM allows

Experiments Theory



Dark matter detection

Scattering



Dark matter detection

Scattering Absorption

<latexit sha1_base64="bM+yM6xCrv5I9RWBWYz0fG2bzEk=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EixCvZRdEe2x4MVjBfsB7VKyabYNzSZLki2Wpf/EiwdFvPpPvPlvTNs9aOuDgcd7M8zMCxPOtPG8b6ewsbm1vVPcLe3tHxweuccnLS1TRWiTSC5VJ8SaciZo0zDDaSdRFMchp+1wfDf32xOqNJPi0UwTGsR4KFjECDZW6rtuLw7lU1YJpZaCkctZ3y17VW8BtE78nJQhR6PvfvUGkqQxFYZwrHXX9xITZFgZRjidlXqppgkmYzykXUsFjqkOssXlM3RhlQGKpLIlDFqovycyHGs9jUPbGWMz0qveXPzP66YmqgUZE0lqqCDLRVHKkZFoHgMaMEWJ4VNLMFHM3orICCtMjA2rZEPwV19eJ62rqn9T9R6uy/VaHkcRzuAcKuDDLdThHhrQBAITeIZXeHMy58V5dz6WrQUnnzmFP3A+fwCGkZOO</latexit>

(bosonic)



Dark matter detection

Absorption

<latexit sha1_base64="bM+yM6xCrv5I9RWBWYz0fG2bzEk=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EixCvZRdEe2x4MVjBfsB7VKyabYNzSZLki2Wpf/EiwdFvPpPvPlvTNs9aOuDgcd7M8zMCxPOtPG8b6ewsbm1vVPcLe3tHxweuccnLS1TRWiTSC5VJ8SaciZo0zDDaSdRFMchp+1wfDf32xOqNJPi0UwTGsR4KFjECDZW6rtuLw7lU1YJpZaCkctZ3y17VW8BtE78nJQhR6PvfvUGkqQxFYZwrHXX9xITZFgZRjidlXqppgkmYzykXUsFjqkOssXlM3RhlQGKpLIlDFqovycyHGs9jUPbGWMz0qveXPzP66YmqgUZE0lqqCDLRVHKkZFoHgMaMEWJ4VNLMFHM3orICCtMjA2rZEPwV19eJ62rqn9T9R6uy/VaHkcRzuAcKuDDLdThHhrQBAITeIZXeHMy58V5dz6WrQUnnzmFP3A+fwCGkZOO</latexit>

(bosonic)

e.g. ADMX, …



Axion DM

[CAST experiment]



Axion DM

[CAST experiment]



Dark matter absorption
Absorption to photons: momentum mismatch

<latexit sha1_base64="Fd2L/EEvb8YLaeOdg03kJ6fY/Qw=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXRXssePFYwX5Auy3ZNNuGJtklyVbK0v/hxYMiXv0v3vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHDR0litA6iXikWgHWlDNJ64YZTluxolgEnDaD0d3Mb46p0iySj2YSU1/ggWQhI9hYqTtGHc0E8txuenE17RVLbtmdA60SLyMlyFDrFb86/YgkgkpDONa67bmx8VOsDCOcTgudRNMYkxEe0LalEguq/XR+9RSdWaWPwkjZkgbN1d8TKRZaT0RgOwU2Q73szcT/vHZiwoqfMhknhkqyWBQmHJkIzSJAfaYoMXxiCSaK2VsRGWKFibFBFWwI3vLLq6RxWfZuyu7DdalayeLIwwmcwjl4cAtVuIca1IGAgmd4hTfnyXlx3p2PRWvOyWaO4Q+czx/p4pFz</latexit>

v ⇠ 10�3



Photonic materials
• Materials with periodic optical properties

1D 2D 3D



Dielectric haloscope
• DM can Bragg-convert in medium, producing photons:

dielectric 
layers

mirror

lens

detector



Photon detection

• Efficient, low-noise photon 
detection using quantum 
sensors - TES, MKID, SNSPD 
 
 

• Coherent conversion enables 
focussing �✓ ⇠ 10�3

<latexit sha1_base64="+ULwVLFXEK+8zOzXiyWeerWsLaM=">AAACA3icbVC7SgNBFJ31GeMraqfNYBBsDLsqaGERsLGMYB6QXcPs7N1kyOyDmbtCWAI2/oqNhSK2/oSdf+PkUWjigcs9nHMvM/f4qRQabfvbWlhcWl5ZLawV1zc2t7ZLO7sNnWSKQ50nMlEtn2mQIoY6CpTQShWwyJfQ9PvXI7/5AEqLJL7DQQpexLqxCAVnaKROad8NQCKjLvZg1LSIqGPf5ydnw06pbFfsMeg8caakTKaodUpfbpDwLIIYuWRatx07RS9nCgWXMCy6mYaU8T7rQtvQmEWgvXx8w5AeGSWgYaJMxUjH6u+NnEVaDyLfTEYMe3rWG4n/ee0Mw0svF3GaIcR88lCYSYoJHQVCA6GAoxwYwrgS5q+U95hiHE1sRROCM3vyPGmcVhy74tyel6tX0zgK5IAckmPikAtSJTekRuqEk0fyTF7Jm/VkvVjv1sdkdMGa7uyRP7A+fwBMkZad</latexit><latexit sha1_base64="+ULwVLFXEK+8zOzXiyWeerWsLaM=">AAACA3icbVC7SgNBFJ31GeMraqfNYBBsDLsqaGERsLGMYB6QXcPs7N1kyOyDmbtCWAI2/oqNhSK2/oSdf+PkUWjigcs9nHMvM/f4qRQabfvbWlhcWl5ZLawV1zc2t7ZLO7sNnWSKQ50nMlEtn2mQIoY6CpTQShWwyJfQ9PvXI7/5AEqLJL7DQQpexLqxCAVnaKROad8NQCKjLvZg1LSIqGPf5ydnw06pbFfsMeg8caakTKaodUpfbpDwLIIYuWRatx07RS9nCgWXMCy6mYaU8T7rQtvQmEWgvXx8w5AeGSWgYaJMxUjH6u+NnEVaDyLfTEYMe3rWG4n/ee0Mw0svF3GaIcR88lCYSYoJHQVCA6GAoxwYwrgS5q+U95hiHE1sRROCM3vyPGmcVhy74tyel6tX0zgK5IAckmPikAtSJTekRuqEk0fyTF7Jm/VkvVjv1sdkdMGa7uyRP7A+fwBMkZad</latexit><latexit sha1_base64="+ULwVLFXEK+8zOzXiyWeerWsLaM=">AAACA3icbVC7SgNBFJ31GeMraqfNYBBsDLsqaGERsLGMYB6QXcPs7N1kyOyDmbtCWAI2/oqNhSK2/oSdf+PkUWjigcs9nHMvM/f4qRQabfvbWlhcWl5ZLawV1zc2t7ZLO7sNnWSKQ50nMlEtn2mQIoY6CpTQShWwyJfQ9PvXI7/5AEqLJL7DQQpexLqxCAVnaKROad8NQCKjLvZg1LSIqGPf5ydnw06pbFfsMeg8caakTKaodUpfbpDwLIIYuWRatx07RS9nCgWXMCy6mYaU8T7rQtvQmEWgvXx8w5AeGSWgYaJMxUjH6u+NnEVaDyLfTEYMe3rWG4n/ee0Mw0svF3GaIcR88lCYSYoJHQVCA6GAoxwYwrgS5q+U95hiHE1sRROCM3vyPGmcVhy74tyel6tX0zgK5IAckmPikAtSJTekRuqEk0fyTF7Jm/VkvVjv1sdkdMGa7uyRP7A+fwBMkZad</latexit><latexit sha1_base64="+ULwVLFXEK+8zOzXiyWeerWsLaM=">AAACA3icbVC7SgNBFJ31GeMraqfNYBBsDLsqaGERsLGMYB6QXcPs7N1kyOyDmbtCWAI2/oqNhSK2/oSdf+PkUWjigcs9nHMvM/f4qRQabfvbWlhcWl5ZLawV1zc2t7ZLO7sNnWSKQ50nMlEtn2mQIoY6CpTQShWwyJfQ9PvXI7/5AEqLJL7DQQpexLqxCAVnaKROad8NQCKjLvZg1LSIqGPf5ydnw06pbFfsMeg8caakTKaodUpfbpDwLIIYuWRatx07RS9nCgWXMCy6mYaU8T7rQtvQmEWgvXx8w5AeGSWgYaJMxUjH6u+NnEVaDyLfTEYMe3rWG4n/ee0Mw0svF3GaIcR88lCYSYoJHQVCA6GAoxwYwrgS5q+U95hiHE1sRROCM3vyPGmcVhy74tyel6tX0zgK5IAckmPikAtSJTekRuqEk0fyTF7Jm/VkvVjv1sdkdMGa7uyRP7A+fwBMkZad</latexit>

area A
<latexit sha1_base64="Sk39Si3AIXB9+2BF7eCOMwXt9mU=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkRdOGi4sZlBfuAdiyZNNOG5jEkGbUM/Q83LhRx67+4829M21lo64HA4Zx7kpsTJZwZ6/vf3tLyyuraemGjuLm1vbNb2ttvGJVqQutEcaVbETaUM0nrlllOW4mmWEScNqPh9cRvPlBtmJJ3dpTQUOC+ZDEj2DrpviMi9ZRhl0BjdNUtlf2KPwVaJEFOypCj1i19dXqKpIJKSzg2ph34iQ3dfZYRTsfFTmpogskQ92nbUYkFNWE23XqMjp3SQ7HS7kiLpurvRIaFMSMRuUmB7cDMexPxP6+d2vgizJhMUkslmT0UpxxZhSYVoB7TlFg+cgQTzdyuiAywxsS6ooquhGD+y4ukcVoJ/Epwe1auXuZ1FOAQjuAEAjiHKtxADepAQMMzvMKb9+i9eO/ex2x0ycszB/AH3ucP/oCSJA==</latexit><latexit sha1_base64="Sk39Si3AIXB9+2BF7eCOMwXt9mU=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkRdOGi4sZlBfuAdiyZNNOG5jEkGbUM/Q83LhRx67+4829M21lo64HA4Zx7kpsTJZwZ6/vf3tLyyuraemGjuLm1vbNb2ttvGJVqQutEcaVbETaUM0nrlllOW4mmWEScNqPh9cRvPlBtmJJ3dpTQUOC+ZDEj2DrpviMi9ZRhl0BjdNUtlf2KPwVaJEFOypCj1i19dXqKpIJKSzg2ph34iQ3dfZYRTsfFTmpogskQ92nbUYkFNWE23XqMjp3SQ7HS7kiLpurvRIaFMSMRuUmB7cDMexPxP6+d2vgizJhMUkslmT0UpxxZhSYVoB7TlFg+cgQTzdyuiAywxsS6ooquhGD+y4ukcVoJ/Epwe1auXuZ1FOAQjuAEAjiHKtxADepAQMMzvMKb9+i9eO/ex2x0ycszB/AH3ucP/oCSJA==</latexit><latexit sha1_base64="Sk39Si3AIXB9+2BF7eCOMwXt9mU=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkRdOGi4sZlBfuAdiyZNNOG5jEkGbUM/Q83LhRx67+4829M21lo64HA4Zx7kpsTJZwZ6/vf3tLyyuraemGjuLm1vbNb2ttvGJVqQutEcaVbETaUM0nrlllOW4mmWEScNqPh9cRvPlBtmJJ3dpTQUOC+ZDEj2DrpviMi9ZRhl0BjdNUtlf2KPwVaJEFOypCj1i19dXqKpIJKSzg2ph34iQ3dfZYRTsfFTmpogskQ92nbUYkFNWE23XqMjp3SQ7HS7kiLpurvRIaFMSMRuUmB7cDMexPxP6+d2vgizJhMUkslmT0UpxxZhSYVoB7TlFg+cgQTzdyuiAywxsS6ooquhGD+y4ukcVoJ/Epwe1auXuZ1FOAQjuAEAjiHKtxADepAQMMzvMKb9+i9eO/ex2x0ycszB/AH3ucP/oCSJA==</latexit><latexit sha1_base64="Sk39Si3AIXB9+2BF7eCOMwXt9mU=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkRdOGi4sZlBfuAdiyZNNOG5jEkGbUM/Q83LhRx67+4829M21lo64HA4Zx7kpsTJZwZ6/vf3tLyyuraemGjuLm1vbNb2ttvGJVqQutEcaVbETaUM0nrlllOW4mmWEScNqPh9cRvPlBtmJJ3dpTQUOC+ZDEj2DrpviMi9ZRhl0BjdNUtlf2KPwVaJEFOypCj1i19dXqKpIJKSzg2ph34iQ3dfZYRTsfFTmpogskQ92nbUYkFNWE23XqMjp3SQ7HS7kiLpurvRIaFMSMRuUmB7cDMexPxP6+d2vgizJhMUkslmT0UpxxZhSYVoB7TlFg+cgQTzdyuiAywxsS6ooquhGD+y4ukcVoJ/Epwe1auXuZ1FOAQjuAEAjiHKtxADepAQMMzvMKb9+i9eO/ex2x0ycszB/AH3ucP/oCSJA==</latexit>



<latexit sha1_base64="KXoAoECAXfFWo050u+x2egXmBt0="></latexit>

Light A0
Multilayer Periodic Optical SNSPD Target

<latexit sha1_base64="D5vXAVnvlXWIQM3JOdgeX6+GsDM=">AAACD3icbVC7SgNBFJ31GeNr1dJmMChWYVdEUwZMRCsTNA9IQpidnSRD5rHMzIphyR/Y+Cs2ForY2tr5N04ehSYeuHA4517uvSeIGNXG876dhcWl5ZXV1Fp6fWNza9vd2a1qGStMKlgyqeoB0oRRQSqGGkbqkSKIB4zUgv7FyK/dE6WpFHdmEJEWR11BOxQjY6W2e9TkgXxILmMRkhAGA1i4KcJyjIS5vi0WYKRkVyE+bLsZL+uNAeeJPyUZMEWp7X41Q4ljToTBDGnd8L3ItBKkDMWMDNPNWJMI4T7qkoalAnGiW8n4nyE8tEoIO1LZEgaO1d8TCeJaD3hgOzkyPT3rjcT/vEZsOrlWQkUUGyLwZFEnZtBIOAoHhlQRbNjAEoQVtbdC3EMKYWMjTNsQ/NmX50n1JOufZb3yaSafm8aRAvvgABwDH5yDPLgCJVABGDyCZ/AK3pwn58V5dz4mrQvOdGYP/IHz+QPQDpvb</latexit>

Funded by DOE QuantISED program
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LAMPOST



Results

Time / hour



Dark photon dark matter
<latexit sha1_base64="/Uz21SmBsO6N7Xl7anl7H9b7Z9Y="></latexit>
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Upgrade prospects
Dark photon DM

<latexit sha1_base64="UyP3yCagg7hXQh0b9z2ZvsFvyTE=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFcSElEtBuh4MZlBfuAJoTJdNoOnUzCzI1QQndu/BU3LhRx6y+482+cpllo64ELZ865l7n3hIngGhzn21paXlldWy9tlDe3tnd27b39lo5TRVmTxiJWnZBoJrhkTeAgWCdRjEShYO1wdDP12w9MaR7LexgnzI/IQPI+pwSMFNhHEGSeijCXMMHX2HUcnL+9M9wj40lgV5yqkwMvErcgFVSgEdhfXi+macQkUEG07rpOAn5GFHAq2KTspZolhI7IgHUNlSRi2s/yOyb4xCg93I+VKQk4V39PZCTSehyFpjMiMNTz3lT8z+um0K/5GZdJCkzS2Uf9VGCI8TQU3OOKURBjQwhV3OyK6ZAoQsFEVzYhuPMnL5LWedW9rDp3F5V6rYijhA7RMTpFLrpCdXSLGqiJKHpEz+gVvVlP1ov1bn3MWpesYuYA/YH1+QNZV5eq</latexit>

tint = 100 day

<latexit sha1_base64="qn319AJD7QcwetTKCW+Vn75rfNI=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEVyUjot0IBTeupIJ9QDsMmUymDc0kQ5IRylDwV9y4UMSt3+HOvzFtZ6GtBy4czrmXe+8JU860QejbKa2srq1vlDcrW9s7u3vu/kFby0wR2iKSS9UNsaacCdoyzHDaTRXFSchpJxzdTP3OI1WaSfFgxin1EzwQLGYEGysF7tFdkPdVAlOqmIz0BF5DD6HAraIamgEuE68gVVCgGbhf/UiSLKHCEI617nkoNX6OlWGE00mln2maYjLCA9qzVOCEaj+fnT+Bp1aJYCyVLWHgTP09keNE63ES2s4Em6Fe9Kbif14vM3Hdz5lIM0MFmS+KMw6NhNMsYMQUJYaPLcFEMXsrJEOsMDE2sYoNwVt8eZm0z2veZQ3dX1Qb9SKOMjgGJ+AMeOAKNMAtaIIWICAHz+AVvDlPzovz7nzMW0tOMXMI/sD5/AF70JR8</latexit>

Nperiods = 100

<latexit sha1_base64="xAutIqIUTCKpd1H4PUcYmDKnyvY=">AAACBXicbVBLSwMxGMz6rPW16lEPwSJ4kLIrPnoRCl48VrEP6C4lm2bb0CS7JFmhLHvx4l/x4kERr/4Hb/4b0+0etHUgMJn5PpKZIGZUacf5thYWl5ZXVktr5fWNza1te2e3paJEYtLEEYtkJ0CKMCpIU1PNSCeWBPGAkXYwup747QciFY3EvR7HxOdoIGhIMdJG6tkHd73Ukxz2qRpl8Aqew/zqnUDMs55dcapODjhP3IJUQIFGz/7y+hFOOBEaM6RU13Vi7adIaooZycpeokiM8AgNSNdQgThRfpqnyOCRUfowjKQ5QsNc/b2RIq7UmAdmkiM9VLPeRPzP6yY6rPkpFXGiicDTh8KEQR3BSSUmuyRYs7EhCEtq/grxEEmEtSmubEpwZyPPk9Zp1b2oOrdnlXqtqKME9sEhOAYuuAR1cAMaoAkweATP4BW8WU/Wi/VufUxHF6xiZw/8gfX5Ayk5lwo=</latexit>

Rdisk = 5 cm



Upgrade prospects
Axion DM

<latexit sha1_base64="UyP3yCagg7hXQh0b9z2ZvsFvyTE=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFcSElEtBuh4MZlBfuAJoTJdNoOnUzCzI1QQndu/BU3LhRx6y+482+cpllo64ELZ865l7n3hIngGhzn21paXlldWy9tlDe3tnd27b39lo5TRVmTxiJWnZBoJrhkTeAgWCdRjEShYO1wdDP12w9MaR7LexgnzI/IQPI+pwSMFNhHEGSeijCXMMHX2HUcnL+9M9wj40lgV5yqkwMvErcgFVSgEdhfXi+macQkUEG07rpOAn5GFHAq2KTspZolhI7IgHUNlSRi2s/yOyb4xCg93I+VKQk4V39PZCTSehyFpjMiMNTz3lT8z+um0K/5GZdJCkzS2Uf9VGCI8TQU3OOKURBjQwhV3OyK6ZAoQsFEVzYhuPMnL5LWedW9rDp3F5V6rYijhA7RMTpFLrpCdXSLGqiJKHpEz+gVvVlP1ov1bn3MWpesYuYA/YH1+QNZV5eq</latexit>

tint = 100 day

<latexit sha1_base64="qn319AJD7QcwetTKCW+Vn75rfNI=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEVyUjot0IBTeupIJ9QDsMmUymDc0kQ5IRylDwV9y4UMSt3+HOvzFtZ6GtBy4czrmXe+8JU860QejbKa2srq1vlDcrW9s7u3vu/kFby0wR2iKSS9UNsaacCdoyzHDaTRXFSchpJxzdTP3OI1WaSfFgxin1EzwQLGYEGysF7tFdkPdVAlOqmIz0BF5DD6HAraIamgEuE68gVVCgGbhf/UiSLKHCEI617nkoNX6OlWGE00mln2maYjLCA9qzVOCEaj+fnT+Bp1aJYCyVLWHgTP09keNE63ES2s4Em6Fe9Kbif14vM3Hdz5lIM0MFmS+KMw6NhNMsYMQUJYaPLcFEMXsrJEOsMDE2sYoNwVt8eZm0z2veZQ3dX1Qb9SKOMjgGJ+AMeOAKNMAtaIIWICAHz+AVvDlPzovz7nzMW0tOMXMI/sD5/AF70JR8</latexit>

Nperiods = 100

<latexit sha1_base64="xAutIqIUTCKpd1H4PUcYmDKnyvY=">AAACBXicbVBLSwMxGMz6rPW16lEPwSJ4kLIrPnoRCl48VrEP6C4lm2bb0CS7JFmhLHvx4l/x4kERr/4Hb/4b0+0etHUgMJn5PpKZIGZUacf5thYWl5ZXVktr5fWNza1te2e3paJEYtLEEYtkJ0CKMCpIU1PNSCeWBPGAkXYwup747QciFY3EvR7HxOdoIGhIMdJG6tkHd73Ukxz2qRpl8Aqew/zqnUDMs55dcapODjhP3IJUQIFGz/7y+hFOOBEaM6RU13Vi7adIaooZycpeokiM8AgNSNdQgThRfpqnyOCRUfowjKQ5QsNc/b2RIq7UmAdmkiM9VLPeRPzP6yY6rPkpFXGiicDTh8KEQR3BSSUmuyRYs7EhCEtq/grxEEmEtSmubEpwZyPPk9Zp1b2oOrdnlXqtqKME9sEhOAYuuAR1cAMaoAkweATP4BW8WU/Wi/VufUxHF6xiZw/8gfX5Ayk5lwo=</latexit>

Rdisk = 5 cm

<latexit sha1_base64="YfULI6z8Lnb4jRZc60FVMmm519w=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0XwICUR0V6EohePFfoFTSib7aZdutmE3Y1SYn+KFw+KePWXePPfuG1z0NYHA4/3ZpiZFyScKe0439bK6tr6xmZhq7i9s7u3b5cOWipOJaFNEvNYdgKsKGeCNjXTnHYSSXEUcNoORrdTv/1ApWKxaOhxQv0IDwQLGcHaSD27dIOukeugzJMR8s5QY9Kzy07FmQEtEzcnZchR79lfXj8maUSFJhwr1XWdRPsZlpoRTidFL1U0wWSEB7RrqMARVX42O32CTozSR2EsTQmNZurviQxHSo2jwHRGWA/VojcV//O6qQ6rfsZEkmoqyHxRmHKkYzTNAfWZpETzsSGYSGZuRWSIJSbapFU0IbiLLy+T1nnFvaw49xflWjWPowBHcAyn4MIV1OAO6tAEAo/wDK/wZj1ZL9a79TFvXbHymUP4A+vzBwALkd8=</latexit>
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DM detection theory

Are there better ways of absorbing DM?



DM detection theory
<latexit sha1_base64="6kvak0UVTwoqZYDEvWxoe4toybA="></latexit>
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DM detection theory
<latexit sha1_base64="6kvak0UVTwoqZYDEvWxoe4toybA="></latexit>
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<latexit sha1_base64="4oWa2Be8VtkEawdVgLO/J/J/XqA=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi2mPBi8cq9gPaUDbbTbt0sxt2J0oJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZemAhu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVqyppUCaU7ITFMcMmayFGwTqIZiUPB2uH4Zua3H5k2XMkHnCQsiMlQ8ohTglbq9u75cIREa/XUL1e8qjeHu0r8nFQgR6Nf/uoNFE1jJpEKYkzX9xIMMqKRU8GmpV5qWELomAxZ11JJYmaCbH7y1D2zysCNlLYl0Z2rvycyEhsziUPbGRMcmWVvJv7ndVOMakHGZZIik3SxKEqFi8qd/e8OuGYUxcQSQjW3t7p0RDShaFMq2RD85ZdXSeui6l9VvbvLSr2Wx1GEEziFc/DhGupwCw1oAgUFz/AKbw46L86787FoLTj5zDH8gfP5A4+/kWg=</latexit>)

Detectability of forcing ⇔ Fluctuations of interaction operator

<latexit sha1_base64="uiv5syocDLm/6nfG5cgvK/hwzeg=">AAACCHicbZDLSsNAFIYn9VbrLerShYNFcFUSEe2yIBSXFewFmhgmk0k7dDIJcxFK6NKNr+LGhSJufQR3vo2Ttgtt/WHg5zvncOb8YcaoVI7zbZVWVtfWN8qbla3tnd09e/+gI1MtMGnjlKWiFyJJGOWkrahipJcJgpKQkW44ui7q3QciJE35nRpnxE/QgNOYYqQMCuxjBJtB7iXa43oCPUVZRGDzviCwQIFddWrOVHDZuHNTBXO1AvvLi1KsE8IVZkjKvutkys+RUBQzMql4WpIM4REakL6xHCVE+vn0kAk8NSSCcSrM4wpO6e+JHCVSjpPQdCZIDeVirYD/1fpaxXU/pzzTinA8WxRrBlUKi1RgRAXBio2NQVhQ81eIh0ggrEx2FROCu3jysumc19zLmnN7UW3U53GUwRE4AWfABVegAW5AC7QBBo/gGbyCN+vJerHerY9Za8mazxyCP7I+fwAaV5le</latexit>

aFµ⌫ F̃
µ⌫

<latexit sha1_base64="3zAa2WbA1Hzq2+Gwk6GCeqyO7MA=">AAAB/3icbZDLSsNAFIYn9VbrLSq4cTNYRFclEdEuC0JxWcFeoIlhMp20QyeTMBehxC58FTcuFHHra7jzbZy2EbT1h4GP/5zDOfOHKaNSOc6XVVhaXlldK66XNja3tnfs3b2WTLTApIkTlohOiCRhlJOmooqRTioIikNG2uHwalJv3xMhacJv1Sglfoz6nEYUI2WswD6oB5kXa4/rMayf3P1wYJedijMVXAQ3hzLI1QjsT6+XYB0TrjBDUnZdJ1V+hoSimJFxydOSpAgPUZ90DXIUE+ln0/vH8Ng4PRglwjyu4NT9PZGhWMpRHJrOGKmBnK9NzP9qXa2iqp9RnmpFOJ4tijSDKoGTMGCPCoIVGxlAWFBzK8QDJBBWJrKSCcGd//IitM4q7kXFuTkv16p5HEVwCI7AKXDBJaiBa9AATYDBA3gCL+DVerSerTfrfdZasPKZffBH1sc34IqV/A==</latexit>

Fµ⌫F
0µ⌫ :      fluctuations of EM field

<latexit sha1_base64="x8qnC4/ezetcYBXJ78xi5CoaQQw=">AAAB83icbZDLSgMxFIbP1Futt6pLN8EiuCozItplwY3LCvYCnaFk0rQNzWVIMtIy9DXcuFDErS/jzrcxbWehrT8EPv5zDufkjxPOjPX9b6+wsbm1vVPcLe3tHxwelY9PWkalmtAmUVzpTowN5UzSpmWW006iKRYxp+14fDevt5+oNkzJRztNaCTwULIBI9g6KwxFrCYZnjie9coVv+ovhNYhyKECuRq98lfYVyQVVFrCsTHdwE9slGFtGeF0VgpTQxNMxnhIuw4lFtRE2eLmGbpwTh8NlHZPWrRwf09kWBgzFbHrFNiOzGptbv5X66Z2UIsyJpPUUkmWiwYpR1aheQCozzQllk8dYKKZuxWREdaYWBdTyYUQrH55HVpX1eCm6j9cV+q1PI4inME5XEIAt1CHe2hAEwgk8Ayv8Oal3ov37n0sWwtePnMKf+R9/gCzeJIW</latexit>

axion
<latexit sha1_base64="ufAjdKPCmhEeS3w1vfwDMUP2yas=">AAAB+3icbVBNS8NAEN34WetXrEcvi0XwVBIR7bHgxWMF+wFtKJvNpl262Q27E2kJ/StePCji1T/izX/jts1BWx8MPN6bYWZemApuwPO+nY3Nre2d3dJeef/g8OjYPam0jco0ZS2qhNLdkBgmuGQt4CBYN9WMJKFgnXB8N/c7T0wbruQjTFMWJGQoecwpASsN3Eo/CdUkj4ge43SkQMnZwK16NW8BvE78glRRgebA/epHimYJk0AFMabneykEOdHAqWCzcj8zLCV0TIasZ6kkCTNBvrh9hi+sEuFYaVsS8EL9PZGTxJhpEtrOhMDIrHpz8T+vl0FcD3Iu0wyYpMtFcSYwKDwPAkdcMwpiagmhmttbMR0RTSjYuMo2BH/15XXSvqr5NzXv4braqBdxlNAZOkeXyEe3qIHuURO1EEUT9Ixe0Zszc16cd+dj2brhFDOn6A+czx+NmZS+</latexit>

dark photon

<latexit sha1_base64="XwAMjpfhOp7MdqbswP7f1ehgrlE="></latexit>
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EM field fluctuations

“one photon per mode”:

<latexit sha1_base64="4oWa2Be8VtkEawdVgLO/J/J/XqA=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi2mPBi8cq9gPaUDbbTbt0sxt2J0oJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZemAhu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVqyppUCaU7ITFMcMmayFGwTqIZiUPB2uH4Zua3H5k2XMkHnCQsiMlQ8ohTglbq9u75cIREa/XUL1e8qjeHu0r8nFQgR6Nf/uoNFE1jJpEKYkzX9xIMMqKRU8GmpV5qWELomAxZ11JJYmaCbH7y1D2zysCNlLYl0Z2rvycyEhsziUPbGRMcmWVvJv7ndVOMakHGZZIik3SxKEqFi8qd/e8OuGYUxcQSQjW3t7p0RDShaFMq2RD85ZdXSeui6l9VvbvLSr2Wx1GEEziFc/DhGupwCw1oAgUFz/AKbw46L86787FoLTj5zDH8gfP5A4+/kWg=</latexit>)

<latexit sha1_base64="ZUIONfAS8ROQINwyDxlDNlxshUk=">AAACBHicbVDLSsNAFJ3UV62vqstuBotQNyUpol0WRHBZwT6giWUyuWmHziRhZiKU0IUbf8WNC0Xc+hHu/Bunj4W2HrhwOOde7r3HTzhT2ra/rdza+sbmVn67sLO7t39QPDxqqziVFFo05rHs+kQBZxG0NNMcuokEInwOHX90NfU7DyAVi6M7PU7AE2QQsZBRoo3UL5ZwxQ2Aa4Kvz+5ruI1dxQR2YwED0i+W7ao9A14lzoKU0QLNfvHLDWKaCog05USpnmMn2suI1IxymBTcVEFC6IgMoGdoRAQoL5s9McGnRglwGEtTkcYz9fdERoRSY+GbTkH0UC17U/E/r5fqsO5lLEpSDRGdLwpTjnWMp4nggEmgmo8NIVQycyumQyIJ1Sa3ggnBWX55lbRrVeeiat+elxv1RRx5VEInqIIcdIka6AY1UQtR9Iie0St6s56sF+vd+pi35qzFzDH6A+vzB8bplkA=</latexit>

(�E)2V ⇠ !

<latexit sha1_base64="7UK2HiY89s/fFRpR3ZK5s+69wh4=">AAACDXicbVA9SwNBEN2LXzF+RS1tFqMQm3AXRFNGbCwjmA/InWFvM5cs2b07dveEcOQP2PhXbCwUsbW389+4Sa7QxAcDj/dmmJnnx5wpbdvfVm5ldW19I79Z2Nre2d0r7h+0VJRICk0a8Uh2fKKAsxCammkOnVgCET6Htj+6nvrtB5CKReGdHsfgCTIIWcAo0UbqFU/Kbh+4Jvjq7L6KXcUEdgNJaOpM0hZ2IwEDMukVS3bFngEvEycjJZSh0St+uf2IJgJCTTlRquvYsfZSIjWjHCYFN1EQEzoiA+gaGhIByktn30zwqVH6OIikqVDjmfp7IiVCqbHwTacgeqgWvan4n9dNdFDzUhbGiYaQzhcFCcc6wtNocJ9JoJqPDSFUMnMrpkNiwtAmwIIJwVl8eZm0qhXnomLfnpfqtSyOPDpCx6iMHHSJ6ugGNVATUfSIntErerOerBfr3fqYt+asbOYQ/YH1+QN8lJqP</latexit>
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V !



EM sum rules

<latexit sha1_base64="mEWYu+LKL9K+1TwwwtNPqqAueRA="></latexit>Z 1
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c.f. permittivity sum rule:
<latexit sha1_base64="LGCWevQ/9h/UyiWahNH0H9ibEEU="></latexit>Z 1
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EM sum rules

<latexit sha1_base64="mEWYu+LKL9K+1TwwwtNPqqAueRA="></latexit>Z 1

�1
d! !F!hÂ(t)Â(0)i = ⇡

V
<latexit sha1_base64="LGCWevQ/9h/UyiWahNH0H9ibEEU="></latexit>Z 1
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c.f. permittivity sum rule:



EM sum rules

<latexit sha1_base64="mEWYu+LKL9K+1TwwwtNPqqAueRA="></latexit>Z 1
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V
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Consequences for axion DM detection:
<latexit sha1_base64="ous5HCYvs9RMYm1SMw0Dki4duFc="></latexit>
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c.f. permittivity sum rule:



EM sum rules

<latexit sha1_base64="mEWYu+LKL9K+1TwwwtNPqqAueRA="></latexit>Z 1

�1
d! !F!hÂ(t)Â(0)i = ⇡

V
<latexit sha1_base64="LGCWevQ/9h/UyiWahNH0H9ibEEU="></latexit>Z 1
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Consequences for axion DM detection:
<latexit sha1_base64="ous5HCYvs9RMYm1SMw0Dki4duFc="></latexit>

L � 1

2
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2 � V (a)� 1

4
gaFµ⌫ F̃
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<latexit sha1_base64="T4MCw8PLfjmOZkpSfvLwLRl8LHI=">AAACH3icbVDLSgMxFM3UV62vqks3wSK4KjNFajdC1Y0LFxXsAzqlZNJMG5rJDMkdoQzzJ278FTcuFBF3/RszbRfaeiBwOOfeJOd4keAabHtq5dbWNza38tuFnd29/YPi4VFLh7GirElDEaqORzQTXLImcBCsEylGAk+wtje+zfz2E1Oah/IRJhHrBWQouc8pASP1i1U3IDCiRCT3aT9xVYC5hBRfYddXhCZOmlRSPMTuIARM8A12acau+8WSXbZnwKvEWZASWqDRL36bK2gcMAlUEK27jh1BLyEKOBUsLbixZhGhYzJkXUMlCZjuJbN8KT4zygD7oTJHAp6pvzcSEmg9CTwzmaXRy14m/ud1Y/BrvYTLKAYm6fwhPxYYQpyVhQdcMQpiYgihipu/YjoiphgwlRZMCc5y5FXSqpSdatl+uCjVa4s68ugEnaJz5KBLVEd3qIGaiKJn9Ire0Yf1Yr1Zn9bXfDRnLXaO0R9Y0x8oGaG1</latexit>

Lint =
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2
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c.f. permittivity sum rule:



EM sum rules

<latexit sha1_base64="mEWYu+LKL9K+1TwwwtNPqqAueRA="></latexit>Z 1

�1
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V
<latexit sha1_base64="LGCWevQ/9h/UyiWahNH0H9ibEEU="></latexit>Z 1
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Consequences for axion DM detection:
<latexit sha1_base64="ous5HCYvs9RMYm1SMw0Dki4duFc="></latexit>

L � 1

2
(@µa)

2 � V (a)� 1

4
gaFµ⌫ F̃

µ⌫

<latexit sha1_base64="+gEHfDteCVUndMCCf/W8dLxcYRo="></latexit>

P̄ex  ⇡

2

g2⇢aV B2texp
m�m

Searching for axion over mass 
range : excitation probability<latexit sha1_base64="/+0smw8s8XQNly25DX5dmykRXxk=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCHjxWsB/QhrLZTtqlm03c3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfjm5nffkKleSwfzCRBP6JDyUPOqLFSp3eLwlAS9csVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+b3TsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc1Yc3PuExSg5ItFoWpICYms+fJgCtkRkwsoUxxeythI6ooMzaikg3BW355lbQuqt5V1b2/rNRreRxFOIFTOAcPrqEOd9CAJjAQ8Ayv8OY8Oi/Ou/OxaC04+cwx/IHz+QODfY+Y</latexit>

�m

<latexit sha1_base64="T4MCw8PLfjmOZkpSfvLwLRl8LHI=">AAACH3icbVDLSgMxFM3UV62vqks3wSK4KjNFajdC1Y0LFxXsAzqlZNJMG5rJDMkdoQzzJ278FTcuFBF3/RszbRfaeiBwOOfeJOd4keAabHtq5dbWNza38tuFnd29/YPi4VFLh7GirElDEaqORzQTXLImcBCsEylGAk+wtje+zfz2E1Oah/IRJhHrBWQouc8pASP1i1U3IDCiRCT3aT9xVYC5hBRfYddXhCZOmlRSPMTuIARM8A12acau+8WSXbZnwKvEWZASWqDRL36bK2gcMAlUEK27jh1BLyEKOBUsLbixZhGhYzJkXUMlCZjuJbN8KT4zygD7oTJHAp6pvzcSEmg9CTwzmaXRy14m/ud1Y/BrvYTLKAYm6fwhPxYYQpyVhQdcMQpiYgihipu/YjoiphgwlRZMCc5y5FXSqpSdatl+uCjVa4s68ugEnaJz5KBLVEd3qIGaiKJn9Ire0Yf1Yr1Zn9bXfDRnLXaO0R9Y0x8oGaG1</latexit>

Lint =
1

2
gȧB ·A

c.f. permittivity sum rule:



DM sensitivity
• Dielectric haloscope 

 

• Resonant cavity (e.g. ADMX) 
 

• LC circuits (ABRACADABRA, DMRadio, …)

<latexit sha1_base64="iuAYoNoWZ11dUiR4loauUFgZHOo="></latexit>
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g2B2V ⇢a
�m

✓
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� 1

n1

◆2

<latexit sha1_base64="ftDxIRIDs3q2Idgt7X7wVrzIE58="></latexit>

P̄ =
g2B2V ⇢a

�m

⇡

2
Cmode

<latexit sha1_base64="pIyATdohQJ4MpvCNRtS7MS/6nlY=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKaI4BLx48RDAPSZYwO5lNhsxjmZkVwpKv8OJBEa9+jjf/xkmyB00saCiquunuihLOjPX9b6+wtr6xuVXcLu3s7u0flA+PWkalmtAmUVzpToQN5UzSpmWW006iKRYRp+1ofDPz209UG6bkg50kNBR4KFnMCLZOehToDvU4R0G/XPGr/hxolQQ5qUCORr/81RsokgoqLeHYmG7gJzbMsLaMcDot9VJDE0zGeEi7jkosqAmz+cFTdOaUAYqVdiUtmqu/JzIsjJmIyHUKbEdm2ZuJ/3nd1Ma1MGMySS2VZLEoTjmyCs2+RwOmKbF84ggmmrlbERlhjYl1GZVcCMHyy6ukdVENrqr+/WWlXsvjKMIJnMI5BHANdbiFBjSBgIBneIU3T3sv3rv3sWgtePnMMfyB9/kDJ/SPTQ==</latexit>

mL ⌧ 1<latexit sha1_base64="6YzeOAAmS/MtFDSAdUoIWfl9GdE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4kJKIaI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777aytb2xubRd2irt7+weHpaPjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxmW/VHYr7hxklXg5KUOOer/01RvELI1QGiao1l3PTYyfUWU4Ezgt9lKNCWVjOsSupZJGqP1sfuiUnFtlQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNW/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynaELzll1dJ66ri3VTcxnW5Vs3jKMApnMEFeHALNbiHOjSBAcIzvMKb8+i8OO/Ox6J1zclnTuAPnM8fca2Mqw==</latexit>,

<latexit sha1_base64="Vh6U0uWj0aJXRkeqsbgqn4LCS9o="></latexit>

P̄ ⇠ g2B2V ⇢a
�m

(mL)2

Quasi-static suppression



DM sensitivity
• Dielectric haloscope 

 

• Resonant cavity (e.g. ADMX) 
 

• LC circuits (ABRACADABRA, DMRadio, …)

<latexit sha1_base64="iuAYoNoWZ11dUiR4loauUFgZHOo="></latexit>
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<latexit sha1_base64="ftDxIRIDs3q2Idgt7X7wVrzIE58="></latexit>

P̄ =
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�m

⇡

2
Cmode

<latexit sha1_base64="pIyATdohQJ4MpvCNRtS7MS/6nlY=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKaI4BLx48RDAPSZYwO5lNhsxjmZkVwpKv8OJBEa9+jjf/xkmyB00saCiquunuihLOjPX9b6+wtr6xuVXcLu3s7u0flA+PWkalmtAmUVzpToQN5UzSpmWW006iKRYRp+1ofDPz209UG6bkg50kNBR4KFnMCLZOehToDvU4R0G/XPGr/hxolQQ5qUCORr/81RsokgoqLeHYmG7gJzbMsLaMcDot9VJDE0zGeEi7jkosqAmz+cFTdOaUAYqVdiUtmqu/JzIsjJmIyHUKbEdm2ZuJ/3nd1Ma1MGMySS2VZLEoTjmyCs2+RwOmKbF84ggmmrlbERlhjYl1GZVcCMHyy6ukdVENrqr+/WWlXsvjKMIJnMI5BHANdbiFBjSBgIBneIU3T3sv3rv3sWgtePnMMfyB9/kDJ/SPTQ==</latexit>

mL ⌧ 1<latexit sha1_base64="6YzeOAAmS/MtFDSAdUoIWfl9GdE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4kJKIaI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777aytb2xubRd2irt7+weHpaPjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxmW/VHYr7hxklXg5KUOOer/01RvELI1QGiao1l3PTYyfUWU4Ezgt9lKNCWVjOsSupZJGqP1sfuiUnFtlQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNW/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynaELzll1dJ66ri3VTcxnW5Vs3jKMApnMEFeHALNbiHOjSBAcIzvMKb8+i8OO/Ox6J1zclnTuAPnM8fca2Mqw==</latexit>,

<latexit sha1_base64="Vh6U0uWj0aJXRkeqsbgqn4LCS9o="></latexit>

P̄ ⇠ g2B2V ⇢a
�m

(mL)2

Quasi-static suppression



DM sensitivity
• Dielectric haloscope 

 

• Resonant cavity (e.g. ADMX) 
 

• LC circuits (ABRACADABRA, DMRadio, …)

<latexit sha1_base64="iuAYoNoWZ11dUiR4loauUFgZHOo="></latexit>
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<latexit sha1_base64="ftDxIRIDs3q2Idgt7X7wVrzIE58="></latexit>
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2
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<latexit sha1_base64="6YzeOAAmS/MtFDSAdUoIWfl9GdE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4kJKIaI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777aytb2xubRd2irt7+weHpaPjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxmW/VHYr7hxklXg5KUOOer/01RvELI1QGiao1l3PTYyfUWU4Ezgt9lKNCWVjOsSupZJGqP1sfuiUnFtlQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNW/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynaELzll1dJ66ri3VTcxnW5Vs3jKMApnMEFeHALNbiHOjSBAcIzvMKb8+i8OO/Ox6J1zclnTuAPnM8fca2Mqw==</latexit>,

Quasi-static suppression

<latexit sha1_base64="5iBlFz5p4WHvrKTYkW1nc0xvyZg=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKaI4BLx6jmIckS5idzCZD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+mfntJ6oNU/LBThIaCjyULGYEWyc9CnSPepyjoF+u+FV/DrRKgpxUIEejX/7qDRRJBZWWcGxMN/ATG2ZYW0Y4nZZ6qaEJJmM8pF1HJRbUhNn84Ck6c8oAxUq7khbN1d8TGRbGTETkOgW2I7PszcT/vG5q41qYMZmklkqyWBSnHFmFZt+jAdOUWD5xBBPN3K2IjLDGxLqMSi6EYPnlVdK6qAZXVf/uslKv5XEU4QRO4RwCuIY63EIDmkBAwDO8wpunvRfv3ftYtBa8fOYY/sD7/AExMI9T</latexit>

mR ⌧ 1

<latexit sha1_base64="L6WdV3Woeun26pWiCHTQezv8qrQ=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomI9ljw4rEV+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/PbT6g0j+WDmSToR3QoecgZNVZq3PdLZbfizkFWiZeTMuSo90tfvUHM0gilYYJq3fXcxPgZVYYzgdNiL9WYUDamQ+xaKmmE2s/mh07JuVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NWHVz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVtXJVr1TyOApzCGVyABzdQgzuoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBq0WM0Q==</latexit>

R
<latexit sha1_base64="ymTjTYk6d1wDmc0nMe1YAz2Zy8g=">AAACHnicbVDJSgNBEO1xjXEb9eilMQjxEmaCS45BPXiMYhbIJKGm05M06Z4ZunuEMORLvPgrXjwoInjSv7GzHDTxQcHjvSqq6vkxZ0o7zre1tLyyurae2chubm3v7Np7+zUVJZLQKol4JBs+KMpZSKuaaU4bsaQgfE7r/uBq7NcfqFQsCu/1MKYtAb2QBYyANlLHPvN8kLiCPcUE9gIJJO21i/jSVA17sh91YJR615RrwGKE8wLfnbSLHTvnFJwJ8CJxZySHZqh07E+vG5FE0FATDko1XSfWrRSkZoTTUdZLFI2BDKBHm4aGIKhqpZP3RvjYKF0cRNJUqPFE/T2RglBqKHzTKUD31bw3Fv/zmokOSq2UhXGiaUimi4KEYx3hcVa4yyQlmg8NASKZuRWTPpiMtEk0a0Jw519eJLViwT0vOLenuXJpFkcGHaIjlEcuukBldIMqqIoIekTP6BW9WU/Wi/VufUxbl6zZzAH6A+vrB2GroB0=</latexit>

P̄ ⇠ g2B2V ⇢a
�m

(mR)2



Axion up-conversion
<latexit sha1_base64="hUbLnqz71jUdzbQN4Os3GeQGI+o="></latexit>

L � 1

2
(@µa)

2 � V (a) + gaE ·B

<latexit sha1_base64="ji49+6FIXg9J+ndVEkBsSOSs4w0=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbMiGg3QtGNuKpgH9AOQybNtKGZzJDcEUrtwl9x40IRt/6GO//GtJ2Fth5IOJxz783NCRLBNTjOt5VbWl5ZXcuvFzY2t7Z37N29ho5TRVmdxiJWrYBoJrhkdeAgWCtRjESBYM1gcD3xmw9MaR7LexgmzItIT/KQUwJG8u2DW5/gS9zDnW4MmJTgBF+Zy7eLTtmZAi8SNyNFlKHm219mAE0jJoEKonXbdRLwRkQBp4KNC51Us4TQAemxtqGSREx7o+n+Y3xslC4OY2WOBDxVf3eMSKT1MApMZUSgr+e9ifif104hrHgjLpMUmKSzh8JUYIjxJAzc5YpREENDCFXc7IppnyhCwURWMCG4819eJI3Tsntedu7OitVKFkceHaIjVEIuukBVdINqqI4oekTP6BW9WU/Wi/VufcxKc1bWs4/+wPr8AThdk6A=</latexit>

Ja = gȧ(t)B(t)



Axion up-conversion
<latexit sha1_base64="hUbLnqz71jUdzbQN4Os3GeQGI+o="></latexit>

L � 1

2
(@µa)

2 � V (a) + gaE ·B

<latexit sha1_base64="ji49+6FIXg9J+ndVEkBsSOSs4w0=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbMiGg3QtGNuKpgH9AOQybNtKGZzJDcEUrtwl9x40IRt/6GO//GtJ2Fth5IOJxz783NCRLBNTjOt5VbWl5ZXcuvFzY2t7Z37N29ho5TRVmdxiJWrYBoJrhkdeAgWCtRjESBYM1gcD3xmw9MaR7LexgmzItIT/KQUwJG8u2DW5/gS9zDnW4MmJTgBF+Zy7eLTtmZAi8SNyNFlKHm219mAE0jJoEKonXbdRLwRkQBp4KNC51Us4TQAemxtqGSREx7o+n+Y3xslC4OY2WOBDxVf3eMSKT1MApMZUSgr+e9ifif104hrHgjLpMUmKSzh8JUYIjxJAzc5YpREENDCFXc7IppnyhCwURWMCG4819eJI3Tsntedu7OitVKFkceHaIjVEIuukBVdINqqI4oekTP6BW9WU/Wi/VufcxKc1bWs4/+wPr8AThdk6A=</latexit>

Ja = gȧ(t)B(t)



Axion up-conversion

SRF cavities:

<latexit sha1_base64="FrSvkdlOOnWpgYJsOfwPEnYCpEA=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1VwISUpol0W3bis0Bc0IUymk3boTBJmJkoJ+QE3/oobF4q4de/Ov3GaZqGtBy4czrmXe+/xY0alsqxvo7Syura+Ud6sbG3v7O6Z+wddGSUCkw6OWCT6PpKE0ZB0FFWM9GNBEPcZ6fmTm5nfuydC0ihsq2lMXI5GIQ0oRkpLnnly7aWO4PABMZZBhxEpJeXQqtVhrjvnsJ15ZtWqWTngMrELUgUFWp755QwjnHASKsyQlAPbipWbIqEoZiSrOIkkMcITNCIDTUPEiXTT/JsMnmplCINI6AoVzNXfEyniUk65rzs5UmO56M3E/7xBooKGm9IwThQJ8XxRkDCoIjiLBg6pIFixqSYIC6pvhXiMBMJKB1jRIdiLLy+Tbr1mX9asu4tqs1HEUQZH4BicARtcgSa4BS3QARg8gmfwCt6MJ+PFeDc+5q0lo5g5BH9gfP4ALDKaTQ==</latexit>

Bwall . 0.2T

<latexit sha1_base64="81yCDLFDfrTfg4tK8rOpnQVUbt4=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EiyCp7Iroj0WPNhjBfsB3VKyabYNTbJLki3Upf/EiwdFvPpPvPlvTNs9aOuDgcd7M8zMCxPOtPG8b6ewsbm1vVPcLe3tHxweuccnLR2nitAmiXmsOiHWlDNJm4YZTjuJoliEnLbD8d3cb0+o0iyWj2aa0J7AQ8kiRrCxUt91IxRoJlAWKIHu60+zvlv2Kt4CaJ34OSlDjkbf/QoGMUkFlYZwrHXX9xLTy7AyjHA6KwWppgkmYzykXUslFlT3ssXlM3RhlQGKYmVLGrRQf09kWGg9FaHtFNiM9Ko3F//zuqmJqr2MySQ1VJLloijlyMRoHgMaMEWJ4VNLMFHM3orICCtMjA2rZEPwV19eJ62rin9T8R6uy7VqHkcRzuAcLsGHW6hBHRrQBAITeIZXeHMy58V5dz6WrQUnnzmFP3A+fwCL95Lt</latexit>

f ⇠ GHz

<latexit sha1_base64="EFkc3P72gCEf4H6/vcPOmJ4MIrw=">AAAB+nicbVBNSwMxEM36WevXVo9egkXwVDYi2mPBi8cW7Ae0a8mm2TY0m12SWaWs/SlePCji1V/izX9j2u5BWx8MPN6bYWZekEhhwPO+nbX1jc2t7cJOcXdv/+DQLR21TJxqxpsslrHuBNRwKRRvggDJO4nmNAokbwfjm5nffuDaiFjdwSThfkSHSoSCUbBS3y01cG8I1o8w8e4zQqZ9t+xVvDnwKiE5KaMc9b771RvELI24AiapMV3iJeBnVINgkk+LvdTwhLIxHfKupYpG3PjZ/PQpPrPKAIextqUAz9XfExmNjJlEge2MKIzMsjcT//O6KYRVPxMqSYErtlgUphJDjGc54IHQnIGcWEKZFvZWzEZUUwY2raINgSy/vEpaFxVyVfEal+VaNY+jgE7QKTpHBF2jGrpFddREDD2iZ/SK3pwn58V5dz4WrWtOPnOM/sD5/AGkx5Ls</latexit>

Q & 1011

<latexit sha1_base64="wMtAvi915lQA7vTXTdClVSTY4vc="></latexit>

P̄ ⇠ g2B̄2V ⇢a
�m

C01



Axion up-conversion

SRF cavities:

<latexit sha1_base64="FrSvkdlOOnWpgYJsOfwPEnYCpEA=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1VwISUpol0W3bis0Bc0IUymk3boTBJmJkoJ+QE3/oobF4q4de/Ov3GaZqGtBy4czrmXe+/xY0alsqxvo7Syura+Ud6sbG3v7O6Z+wddGSUCkw6OWCT6PpKE0ZB0FFWM9GNBEPcZ6fmTm5nfuydC0ihsq2lMXI5GIQ0oRkpLnnly7aWO4PABMZZBhxEpJeXQqtVhrjvnsJ15ZtWqWTngMrELUgUFWp755QwjnHASKsyQlAPbipWbIqEoZiSrOIkkMcITNCIDTUPEiXTT/JsMnmplCINI6AoVzNXfEyniUk65rzs5UmO56M3E/7xBooKGm9IwThQJ8XxRkDCoIjiLBg6pIFixqSYIC6pvhXiMBMJKB1jRIdiLLy+Tbr1mX9asu4tqs1HEUQZH4BicARtcgSa4BS3QARg8gmfwCt6MJ+PFeDc+5q0lo5g5BH9gfP4ALDKaTQ==</latexit>

Bwall . 0.2T

<latexit sha1_base64="81yCDLFDfrTfg4tK8rOpnQVUbt4=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EiyCp7Iroj0WPNhjBfsB3VKyabYNTbJLki3Upf/EiwdFvPpPvPlvTNs9aOuDgcd7M8zMCxPOtPG8b6ewsbm1vVPcLe3tHxweuccnLR2nitAmiXmsOiHWlDNJm4YZTjuJoliEnLbD8d3cb0+o0iyWj2aa0J7AQ8kiRrCxUt91IxRoJlAWKIHu60+zvlv2Kt4CaJ34OSlDjkbf/QoGMUkFlYZwrHXX9xLTy7AyjHA6KwWppgkmYzykXUslFlT3ssXlM3RhlQGKYmVLGrRQf09kWGg9FaHtFNiM9Ko3F//zuqmJqr2MySQ1VJLloijlyMRoHgMaMEWJ4VNLMFHM3orICCtMjA2rZEPwV19eJ62rin9T8R6uy7VqHkcRzuAcLsGHW6hBHRrQBAITeIZXeHMy58V5dz6WrQUnnzmFP3A+fwCL95Lt</latexit>

f ⇠ GHz

<latexit sha1_base64="EFkc3P72gCEf4H6/vcPOmJ4MIrw=">AAAB+nicbVBNSwMxEM36WevXVo9egkXwVDYi2mPBi8cW7Ae0a8mm2TY0m12SWaWs/SlePCji1V/izX9j2u5BWx8MPN6bYWZekEhhwPO+nbX1jc2t7cJOcXdv/+DQLR21TJxqxpsslrHuBNRwKRRvggDJO4nmNAokbwfjm5nffuDaiFjdwSThfkSHSoSCUbBS3y01cG8I1o8w8e4zQqZ9t+xVvDnwKiE5KaMc9b771RvELI24AiapMV3iJeBnVINgkk+LvdTwhLIxHfKupYpG3PjZ/PQpPrPKAIextqUAz9XfExmNjJlEge2MKIzMsjcT//O6KYRVPxMqSYErtlgUphJDjGc54IHQnIGcWEKZFvZWzEZUUwY2raINgSy/vEpaFxVyVfEal+VaNY+jgE7QKTpHBF2jGrpFddREDD2iZ/SK3pwn58V5dz4WrWtOPnOM/sD5/AGkx5Ls</latexit>

Q & 1011

<latexit sha1_base64="wMtAvi915lQA7vTXTdClVSTY4vc="></latexit>

P̄ ⇠ g2B̄2V ⇢a
�m

C01

<latexit sha1_base64="5DrBwbPKqCnq0HI6w2V/DV4Clck=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0hEar0VvHisYD+gDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2njet1Pa2Nza3invVvb2Dw6PqscnHR2nitA2iXmseiHWlDNJ24YZTnuJoliEnHbD6V3ud5+o0iyWj2aW0EDgsWQRI9jkkuf6t8NqzXO9BdA68QtSgwKtYfVrMIpJKqg0hGOt+76XmCDDyjDC6bwySDVNMJniMe1bKrGgOsgWt87RhVVGKIqVLWnQQv09kWGh9UyEtlNgM9GrXi7+5/VTEzWCjMkkNVSS5aIo5cjEKH8cjZiixPCZJZgoZm9FZIIVJsbGU7Eh+Ksvr5POlevXXe/hutZsFHGU4QzO4RJ8uIEm3EML2kBgAs/wCm+OcF6cd+dj2VpyiplT+APn8wfN+41l</latexit>

0.19



Sensitivity projections



Sensitivity projections



Quantum-limited sensitivity

Quantum-limited amplifiers:

(JPA)

<latexit sha1_base64="Il22JQQJrb/gLsqtcj+xpQHXOb8="></latexit>

Tcavity ⇠ fewK � 2⇡GHz

<latexit sha1_base64="QC+VPblOFzd+Uzh+swjQm445xrQ=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV0RzTHgxWME84BkCb2TSTJkZnadmRXCkp/w4kERr/6ON//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TZxqyho0FrFuR2iY4Io1LLeCtRPNUEaCtaLx7cxvPTFteKwe7CRhocSh4gNO0Tqp3R2ilNjze6WyX/HnIKskyEkZctR7pa9uP6apZMpSgcZ0Aj+xYYbacirYtNhNDUuQjnHIOo4qlMyE2fzeKTl3Sp8MYu1KWTJXf09kKI2ZyMh1SrQjs+zNxP+8TmoH1TDjKkktU3SxaJAKYmMye570uWbUiokjSDV3txI6Qo3UuoiKLoRg+eVV0rysBNcV//6qXKvmcRTgFM7gAgK4gRrcQR0aQEHAM7zCm/fovXjv3seidc3LZ07gD7zPH61Vj7M=</latexit>�0
<latexit sha1_base64="rlwEcbQrnXxCy/s0qPtwnnGeMng=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV0RzTHgxWME84BkCb2TSTJkZnadmRXCkp/w4kERr/6ON//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TZxqyho0FrFuR2iY4Io1LLeCtRPNUEaCtaLx7cxvPTFteKwe7CRhocSh4gNO0Tqp3R2ilNgLeqWyX/HnIKskyEkZctR7pa9uP6apZMpSgcZ0Aj+xYYbacirYtNhNDUuQjnHIOo4qlMyE2fzeKTl3Sp8MYu1KWTJXf09kKI2ZyMh1SrQjs+zNxP+8TmoH1TDjKkktU3SxaJAKYmMye570uWbUiokjSDV3txI6Qo3UuoiKLoRg+eVV0rysBNcV//6qXKvmcRTgFM7gAgK4gRrcQR0aQEHAM7zCm/fovXjv3seidc3LZ07gD7zPH67Zj7Q=</latexit>�1Mitigation:  over-couple to cold load

<latexit sha1_base64="XlBSsuEoVvHl+szYWzNJBnAmyrU=">AAACLnicbVBdS8MwFE3n15xfVR99CQ5BEEYronsRBiL4OGFfsI6SZukWlqQlSYVR+ot88a/og6AivvozzLbCdPPAhXPPuZfkniBmVGnHebMKK6tr6xvFzdLW9s7unr1/0FJRIjFp4ohFshMgRRgVpKmpZqQTS4J4wEg7GN1M/PYDkYpGoqHHMelxNBA0pBhpI/n2bcNPPckhCcMMXkMvlAin3gBxjnwHNkydwbx1TYuzuTk3Mt8uOxVnCrhM3JyUQY66b794/QgnnAiNGVKq6zqx7qVIaooZyUpeokiM8AgNSNdQgThRvXR6bgZPjNKHYSRNCQ2n6u+NFHGlxjwwkxzpoVr0JuJ/XjfRYbWXUhEnmgg8eyhMGNQRnGQH+1QSrNnYEIQlNX+FeIhMYtokXDIhuIsnL5PWecW9rDj3F+VaNY+jCI7AMTgFLrgCNXAH6qAJMHgEz+AdfFhP1qv1aX3NRgtWvnMI/sD6/gElqKa9</latexit>

Te↵ =
�0T0 + �1Tc

�0 + �1



Intermission

• Thinking systematically about detection of new physics → 
new experimental concepts

• Other detection problems

• Different couplings, DM scattering, Gravitational Waves 
…

• As well as thinking about how to look for things, need to 
think about what to look for!



Solar particle production



Solar particle production



Solar particle production



Solar particle production

CAST
Xenon

…



Solar particle production

CAST
Xenon

…



Solar particle production

CAST
Xenon

…
Low-velocity emission ⇒

bound orbits ⇒
population build-up



Dark photon production
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Dark photon sensitivity
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Solar Dark Photon Basin Limit

XENON1T (Solar)

Solar cooling

HB cooling RG cooling

basin excess
(� = 2.3×109y )

� = 107y

� = 2.3×109y

� = 4.6×109y

� = 4.6×109y, future

<latexit sha1_base64="/AS/DuXY3tkJ5AtkjXCBNtEJzII=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwNWTsjG13hbpwI1RqH9AOJZOmbWjmQZIplqF/4saFIm79E3f+jelDUNEDFw7n3Mu99/gxZ1Ih9GFk1tY3Nrey27md3b39A/PwqCmjRBDaIBGPRNvHknIW0oZiitN2LCgOfE5b/rg691sTKiSLwjs1jakX4GHIBoxgpaWeaXYDP7pP60lMRfXqpj7rmXlk2W7BcR2IrAIqIresSdF1ULkAbQstkAcr1Hrme7cfkSSgoSIcS9mxUay8FAvFCKezXDeRNMZkjIe0o2mIAyq9dHH5DJ5ppQ8HkdAVKrhQv0+kOJByGvi6M8BqJH97c/Evr5OoQclLWRgnioZkuWiQcKgiOI8B9pmgRPGpJpgIpm+FZIQFJkqHldMhfH0K/yfNC8u+tNCtk6+UVnFkwQk4BefABkVQAdegBhqAgAl4AE/g2UiNR+PFeF22ZozVzDH4AePtE+X/k9A=</latexit>

SuperCDMS

<latexit sha1_base64="SFyoDIp+i52oCFFxPZtpxFU4/fU=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4GjK2te2u4MZlhb6gHUsmzbTBTDIkGbUM/Q83LhRx67+4829MH4KKHrhwOOde7r0niDnTBqEPJ7Oyura+kd3MbW3v7O7l9w/aWiaK0BaRXKpugDXlTNCWYYbTbqwojgJOO8HNxczv3FKlmRRNM4mpH+GRYCEj2Fjpuh8F8j7tUiGF15wO8gXkeuViqVyCyC2iCirXLKmUS6hWhJ6L5iiAJRqD/Ht/KEkSUWEIx1r3PBQbP8XKMMLpNNdPNI0xucEj2rNU4IhqP51fPYUnVhnCUCpbwsC5+n0ixZHWkyiwnRE2Y/3bm4l/eb3EhFU/ZSJODBVksShMODQSziKAQ6YoMXxiCSaK2VshGWOFibFB5WwIX5/C/0n7zPXOXXRVKtSryziy4Agcg1PggQqog0vQAC1AgAIP4Ak8O3fOo/PivC5aM85y5hD8gPP2CRiIkuI=</latexit>

Xenon1T

<latexit sha1_base64="o76GMngPF9uIS+5+pM1692MJCGo=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4GjJ2xra7ihsXihX7gnYsmTRtQzMPkoxahv6HGxeKuPVf3Pk3pg9BRQ9cOJxzL/fe40WcSYXQh5FaWFxaXkmvZtbWNza3sts7dRnGgtAaCXkomh6WlLOA1hRTnDYjQbHvcdrwhqcTv3FLhWRhUFWjiLo+7gesxwhWWrpp+154n5yfXFQur6vjTjaHTMvJ244NkZlHBeSUNCk4NirloWWiKXJgjkon+97uhiT2aaAIx1K2LBQpN8FCMcLpONOOJY0wGeI+bWkaYJ9KN5lePYYHWunCXih0BQpO1e8TCfalHPme7vSxGsjf3kT8y2vFqld0ExZEsaIBmS3qxRyqEE4igF0mKFF8pAkmgulbIRlggYnSQWV0CF+fwv9J/ci0jk10ZefKxXkcabAH9sEhsEABlMEZqIAaIECAB/AEno0749F4MV5nrSljPrMLfsB4+wRw35J1</latexit>

LAMPOST
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Orbital dynamics

<latexit sha1_base64="NRe38ZTnzSmrdquTJi2y5ekZNv4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU01EtMeCBz1WsB+QhrLZbtqlu9mwOxFC6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzwkRwA6777ZTW1jc2t8rblZ3dvf2D6uFRx6hUU9amSijdC4lhgsesDRwE6yWaERkK1g0ntzO/+8S04Sp+hCxhgSSjmEecErCSDxd5X0t8l+npoFpz6+4ceJV4BamhAq1B9as/VDSVLAYqiDG+5yYQ5EQDp4JNK/3UsITQCRkx39KYSGaCfH7yFJ9ZZYgjpW3FgOfq74mcSGMyGdpOSWBslr2Z+J/npxA1gpzHSQospotFUSowKDz7Hw+5ZhREZgmhmttbMR0TTSjYlCo2BG/55VXSuax713X34arWbBRxlNEJOkXnyEM3qInuUQu1EUUKPaNX9OaA8+K8Ox+L1pJTzByjP3A+fwABaJEL</latexit>

t/Gyr<latexit sha1_base64="++U0ES4MbtsVa/H/33hLM+cSuyA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNWHNz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTdVtXlfqtTyOIpzBOVyCB7dQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4Ad72Mrw==</latexit>

0
<latexit sha1_base64="Sq7LVmOg5fOkpeupzJ5t7sNMyW0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNWHNz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTdVtXlfqtTyOIpzBOVyCB7dQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AeUGMsA==</latexit>

1
<latexit sha1_base64="7CMQpC2oRysV6VOvlpuX/SfYAcc=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkR7bHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUrA5KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNWHNz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ20qxXvpuI2r8v1Wh5HAc7hAq7Ag1uowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4AesWMsQ==</latexit>

2
<latexit sha1_base64="KlOzoxXgTsARZJC8IYcNRpJfpFs=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomK9ljw4rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqXPVLZbfizkFWiZeTMuSo90tfvUHM0gilYYJq3fXcxPgZVYYzgdNiL9WYUDamQ+xaKmmE2s/mh07JuVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NWHVz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LiveTcVtXJdr1TyOApzCGVyAB7dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfEmMsg==</latexit>

3
<latexit sha1_base64="NbGzqWPSI8K01d94miGwH6ugTeE=">AAAB5HicbVBNS8NAEJ3Urxq/qlcvi0XwVBIR22PBi8cK9gPaUDbbSbt2swm7G6GE/gIvHhSv/iZv/hu3bQ7a+mDg8d4MM/PCVHBtPO/bKW1t7+zulffdg8Oj45OKe9rRSaYYtlkiEtULqUbBJbYNNwJ7qUIahwK74fRu4XefUWmeyEczSzGI6VjyiDNqrPRwM6xUvZq3BNkkfkGqUKA1rHwNRgnLYpSGCap13/dSE+RUGc4Ezt1BpjGlbErH2LdU0hh1kC8PnZNLq4xIlChb0pCl+nsip7HWszi0nTE1E73uLcT/vH5mokaQc5lmBiVbLYoyQUxCFl+TEVfIjJhZQpni9lbCJlRRZmw2rg3BX395k3Sua/5tzas2G0UYZTiHC7gCH+rQhHtoQRsYILzAG7w7T86r87FqLDnFxBn8gfP5AxN3i4k=</latexit>

4

<latexit sha1_base64="6P0kfVmRm5xqxNbINkgPxsTxEYA=">AAAB8XicbVBNTwIxEJ3FL8Qv1KOXRmLiCXcNUY4YLx4xcYEIG9ItXWhou5u2a0I2/AsvHjTGq//Gm//GAntQ8CWTvLw3k5l5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8epItQnMY9VJ8Saciapb5jhtJMoikXIaTsc38789hNVmsXywUwSGgg8lCxiBBsrPeKLrKcEuvGn/XLFrbpzoFXi5aQCOZr98ldvEJNUUGkIx1p3PTcxQYaVYYTTaamXappgMsZD2rVUYkF1kM0vnqIzqwxQFCtb0qC5+nsiw0LriQhtp8BmpJe9mfif101NVA8yJpPUUEkWi6KUIxOj2ftowBQlhk8swUQxeysiI6wwMTakkg3BW355lbQuq95V1b2vVRr1PI4inMApnIMH19CAO2iCDwQkPMMrvDnaeXHenY9Fa8HJZ47hD5zPH86SkFI=</latexit>

a/AU

<latexit sha1_base64="++U0ES4MbtsVa/H/33hLM+cSuyA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNWHNz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTdVtXlfqtTyOIpzBOVyCB7dQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4Ad72Mrw==</latexit>

0

<latexit sha1_base64="Sq7LVmOg5fOkpeupzJ5t7sNMyW0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNWHNz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTdVtXlfqtTyOIpzBOVyCB7dQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AeUGMsA==</latexit>

1

<latexit sha1_base64="7CMQpC2oRysV6VOvlpuX/SfYAcc=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkR7bHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUrA5KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNWHNz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ20qxXvpuI2r8v1Wh5HAc7hAq7Ag1uowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4AesWMsQ==</latexit>

2
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Orbital dynamics [PRELIMINARY]

<latexit sha1_base64="j3D3G2RiPbcBAzAsqiQI8ixx3wg=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQi2u4KLnRZwT4gDWUymbRDJzNhZiKGUH/FjQtF3Poh7vwbp20W2nrgwuGce7n3niBhVGnH+bZKa+sbm1vl7crO7t7+gX141FUilZh0sGBC9gOkCKOcdDTVjPQTSVAcMNILJtczv/dApKKC3+ssIX6MRpxGFCNtpKFdHcSBeMy9G5GyELrNputPh3bNqTtzwFXiFqQGCrSH9tcgFDiNCdeYIaU810m0nyOpKWZkWhmkiiQIT9CIeIZyFBPl5/Pjp/DUKCGMhDTFNZyrvydyFCuVxYHpjJEeq2VvJv7neamOGn5OeZJqwvFiUZQyqAWcJQFDKgnWLDMEYUnNrRCPkURYm7wqJgR3+eVV0j2vu5d15+6i1moUcZTBMTgBZ8AFV6AFbkEbdAAGGXgGr+DNerJerHfrY9FasoqZKvgD6/MHpneUFQ==</latexit>

[Gould 1991]



Orbital dynamics [PRELIMINARY]

<latexit sha1_base64="j3D3G2RiPbcBAzAsqiQI8ixx3wg=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQi2u4KLnRZwT4gDWUymbRDJzNhZiKGUH/FjQtF3Poh7vwbp20W2nrgwuGce7n3niBhVGnH+bZKa+sbm1vl7crO7t7+gX141FUilZh0sGBC9gOkCKOcdDTVjPQTSVAcMNILJtczv/dApKKC3+ssIX6MRpxGFCNtpKFdHcSBeMy9G5GyELrNputPh3bNqTtzwFXiFqQGCrSH9tcgFDiNCdeYIaU810m0nyOpKWZkWhmkiiQIT9CIeIZyFBPl5/Pjp/DUKCGMhDTFNZyrvydyFCuVxYHpjJEeq2VvJv7neamOGn5OeZJqwvFiUZQyqAWcJQFDKgnWLDMEYUnNrRCPkURYm7wqJgR3+eVV0j2vu5d15+6i1moUcZTBMTgBZ8AFV6AFbkEbdAAGGXgGr+DNerJerHfrY9FasoqZKvgD6/MHpneUFQ==</latexit>

[Gould 1991]



Black hole superradiance

• New particles must couple to SM through gravity

• Problem: astrophysically, spacetime curvature scale                
⇒ effective source density very low

• e.g. BH Hawking temperature, 

• Take advantage of coherence enhancement: classical 
energy extraction from spinning BHs

& km

TH = 1/(8⇡GM) ⇠ 10�8 K
for M ⇠ 10M�



Extracting energy and angular 
momentum from black holes

• Spinning BHs have ergosphere - region where particles can 
have negative energy (as viewed from infinity)

• Mechanical Penrose process:  throwing negative-energy 
particle into horizon

Event horizon

Ergosphere
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Extracting energy and angular 
momentum from black holes

• Spinning BHs have ergosphere - region where particles can 
have negative energy (as viewed from infinity)

• Wave Penrose process:  transmitted wave has negative 
energy, reflected wave carries extra energy away
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Observational signatures

<latexit sha1_base64="o6gC8ykStJyMzmgZ0fHJcWCAihk=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKaI5BLzlGMDGQLGF2MpsMmcc6MyuEJT/hxYMiXv0db/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jUo1oS2iuNKdCBvKmaQtyyynnURTLCJOH6Lx7cx/eKLaMCXv7SShocBDyWJGsHVSJ+tpgW4a03654lf9OdAqCXJSgRzNfvmrN1AkFVRawrEx3cBPbJhhbRnhdFrqpYYmmIzxkHYdlVhQE2bze6fozCkDFCvtSlo0V39PZFgYMxGR6xTYjsyyNxP/87qpjWthxmSSWirJYlGccmQVmj2PBkxTYvnEEUw0c7ciMsIaE+siKrkQguWXV0n7ohpcVf27y0q9lsdRhBM4hXMI4Brq0IAmtIAAh2d4hTfv0Xvx3r2PRWvBy2eO4Q+8zx+TQY+i</latexit>

BH

<latexit sha1_base64="c0ky75rD4B1h1NleUo8jTRhtkgs=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIaJcFNy4r2Ae0Y8mkmTY0k4xJRi1D/8ONC0Xc+i/u/BvT6Sy09cCFwzn3JveeIOZMG9f9dgorq2vrG8XN0tb2zu5eef+gpWWiCG0SyaXqBFhTzgRtGmY47cSK4ijgtB2Mr2Z++4EqzaS4NZOY+hEeChYygo2V7npRIJ/S+wQrw8i0X664VTcDWiZeTiqQo9Evf/UGkiQRFYZwrHXXc2Pjp9lrnE5LvUTTGJMxHtKupQJHVPtptvUUnVhlgEKpbAmDMvX3RIojrSdRYDsjbEZ60ZuJ/3ndxIQ1P2UiTgwVZP5RmHBkJJpFgAZMUWL4xBJMFLO7IjLCChNjgyrZELzFk5dJ66zqXVTdm/NKvZbHUYQjOIZT8OAS6nANDWgCAQXP8ApvzqPz4rw7H/PWgpPPHMIfOJ8/UtWTBA==</latexit>

quartic
<latexit sha1_base64="CCmqB4SCcoQ3YNfTmrEDA5eqP00=">AAAB+3icbVBNS8NAEN34WetXrEcvi0XwVBIR7bHgxWMF+wFtKJvtpF26mw27G2kJ/StePCji1T/izX/jps1BWx8MPN6bYWZemHCmjed9OxubW9s7u6W98v7B4dGxe1Jpa5kqCi0quVTdkGjgLIaWYYZDN1FARMihE07ucr/zBEozGT+aWQKBIKOYRYwSY6WBW+mLUE4zFhtQhObafOBWvZq3AF4nfkGqqEBz4H71h5KmAmJDOdG653uJCTKiDKMc5uV+qiEhdEJG0LM0JgJ0kC1un+MLqwxxJJWt2OCF+nsiI0LrmQhtpyBmrFe9XPzP66Umqgf2sSQ1ENPloijl2EicB4GHTAE1fGYJoYrZWzEdkzwEG1fZhuCvvrxO2lc1/6bmPVxXG/UijhI6Q+foEvnoFjXQPWqiFqJoip7RK3pz5s6L8+58LFs3nGLmFP2B8/kD+gqVBA==</latexit>

interaction

Black hole spin-down

Coherent particle emission

Gravitational radiation



Axion-nucleon coupling

<latexit sha1_base64="VtM7f7E6HsYTBWMo3IpDQj3yQsI="></latexit>

L � gn(@µa)n̄�
µ�5n

<latexit sha1_base64="euorW9InuVy3rD/8c3hAdBpMeJg="></latexit>

Hn � gn� · (ra+ ȧvn)

' Ba · µn

“Axion wind” coupling: effective magnetic field

[CASPEr-Wind]



Axion-nucleon coupling



Axion-nucleon coupling
<latexit sha1_base64="6jDKY/iQS5ehg8gr0nkI4tY9eks=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgQkqiot0IBTcuK9gHNLFMppN26EwSZiZCDcVfceNCEbf+hzv/xmmbhbYeuHA4517uvSdIOFPacb6thcWl5ZXVwlpxfWNza9ve2W2oOJWE1knMY9kKsKKcRbSumea0lUiKRcBpMxhcj/3mA5WKxdGdHibUF7gXsZARrI3Usfcb6Aq5Dso8KZB3goi4Pxt17JJTdiZA88TNSQly1Dr2l9eNSSpopAnHSrVdJ9F+hqVmhNNR0UsVTTAZ4B5tGxphQZWfTa4foSOjdFEYS1ORRhP190SGhVJDEZhOgXVfzXpj8T+vneqw4mcsSlJNIzJdFKYc6RiNo0BdJinRfGgIJpKZWxHpY4mJNoEVTQju7MvzpHFadi/Kzu15qVrJ4yjAARzCMbhwCVW4gRrUgcAjPMMrvFlP1ov1bn1MWxesfGYP/sD6/AE1wJMe</latexit>

V = 10 cm3

<latexit sha1_base64="uDVk3ipWAdSAiaKQgpP6gpLpTKQ=">AAACEHicbVC7SgNBFJ2Nrxhfq5Y2g0G00LAbRdMIARvLCOYB2U2YnUySITOzy8ysEJb9BBt/xcZCEVtLO//GySaFJh64cDjnXu69J4gYVdpxvq3c0vLK6lp+vbCxubW9Y+/uNVQYS0zqOGShbAVIEUYFqWuqGWlFkiAeMNIMRjcTv/lApKKhuNfjiPgcDQTtU4y0kbr2segmnuRQRVSk8Bq6Ticpl1OYid4pxLyTnJ2nadcuOiUnA1wk7owUwQy1rv3l9UIccyI0ZkiptutE2k+Q1BQzkha8WJEI4REakLahAnGi/CR7KIVHRunBfihNCQ0z9fdEgrhSYx6YTo70UM17E/E/rx3rfsVPqIhiTQSeLurHDOoQTtKBPSoJ1mxsCMKSmlshHiKJsDYZFkwI7vzLi6RRLrmXJefuolitzOLIgwNwCE6AC65AFdyCGqgDDB7BM3gFb9aT9WK9Wx/T1pw1m9kHf2B9/gD5Nps/</latexit>

nspin = 1022 cm�3



Summary

• To learn about physics beyond the Standard Model, we 
need new data

• New experiments a key aspect of that

• Important to think systematically about

• how best to look for motivated signals

• what kinds of signals too look for


